Abstract. This paper was conducted to study the behavior of lightweight concrete, incorporating local lightweight aggregate (LWA), in terms of chloride ion permeability at different ages. The effect of lightweight fine aggregate replacement by normal weight sand (0, 25, 50 and 75% by volume) was investigated. Constant level of silica fume content (10% by weight of cement) as an addition was also considered. Although results showed that the use of porous lightweight aggregate did not lower the permeability of lightweight concrete, test results indicated a decrease in chloride ion permeability as a result of increasing sand replacement for all types of mixes up to 360 days. The reduction in chloride ion permeability was attributed to the presence of the sand which appeared to decrease the porosity of LWC, the reduction in the chloride diffusion coefficient was observed to be as much as 50%. Moreover, the addition of silica fume caused further reductions in chloride ion permeability due to the progression in maturity of LWC, especially after one year of continuous hydration.
Introduction
Material transport properties, especially permeability, affect the durability and integrity of a structure. High permeability, due to porosity or cracking, provides an access for water, chlorides, and other corrosive agents. If such agents reach reinforcing bars, the bars corrode, thus compromising the ability of the structure to withstand loads, which eventually leads to structural failure. Therefore, there has been an interest both in determining the permeability of lightweight concrete compared with normal weight concrete, and in the improvement of this type of concrete with lower permeability [1] .
Lightweight aggregate particles are generally more porous and penetrable than normal weight aggregate particles and this, also common with normal weight aggregates of higher porosities, which allow more diffusion of fluids. Therefore many researchers study the resistance of lightweight concrete to water penetration and accelerated chloride penetration. Test results explained that the permeability of lightweight concrete appears to be low, but it may be higher than that of normal strength concrete at similar strength level [2] . The permeability of highstrength lightweight concrete appears to be more dependent on the porosity of the mortar matrix than on the porosity of the lightweight aggregate. A direct relationship between water permeability and accelerated rate of chloride penetration was observed [3] .
The water permeability and chloride penetration in lightweight and normal weight aggregate concretes (LWC and NWC) were conducted [4, 5] . In these studies, water-cementitous materials ratio (w/c) of 0.35, and 0.55, and silica fume content of 0% and 10% as a partial replacement of cement were used to obtain concrete with different strength levels. The results indicated that at the strength level of 30-40 MPa, the water permeability of the LWC with w/c of 0.55 was lower than that of the NWC. However, at w/c of 0.35, the water permeability of LWC and NWC was not significantly different. The resistance of the LWC to chloride ion penetration was similar to that of the corresponding of the NWC with the same w/c ratio. Finally, the results indicated that the LWC would probably have lower water permeability and better resistance to chloride ion penetration than NWC with equivalent 28-day compressive strength.
Experimental studies on the water permeability and chloride-ion penetrability of high-strength lightweight concrete (LWC) in comparison to that of high-strength normal-weight concrete (NWC) with or without silica fume was detected. The water permeability of the high-strength LWC and NWC was of the same order. The resistance of the LWC to the chloride penetration was similar to that of the corresponding NWC both in the normal-strength and high-strength levels [6] [7] [8] .
As the compressive strength of the LWC was lower than that of the corresponding NWC, experimental results indicated that for a given 28-day strength, the LWC would probably have high resistance to water and chloride-ion penetration than the NWC [9] . The results also indicated that the resistance to the chloride penetration does not seem to be correlated to the water permeability of the concrete. Although chloride permeability of low density LWC concrete decreased with age of concrete, it was found that the concrete was not dense enough to stop the chloride ion to penetrate through the concrete before the concrete mature at age of 90 days [10, 11] .
Modification of the interfacial transition zone between the aggregate and the bulk matrix of concrete by using silica fume is a common technique applied nowadays to improve concrete properties [12] . Silica fume acts as a micro filler, filing the transition zone between the aggregate surface and the bulk cement matrix, followed by pozzolanic reaction at the same place [13] . When porous aggregate is involved, as in lightweight aggregate used in this study, the interfacial transition zone extends from a certain distance below the surface of the aggregate particle out to the bulk cement [14] . Finally, it can be concluded that incorporating silica fume in structural lightweight concrete mixes significantly reduces the chloride ion penetration dye to the above mentioned mechanism (filler and pozzolanic effects) of concrete. Consequently, improve the durability properties of concrete.
The present work covers the behavior of structural lightweight concrete made of local lightweight aggregate with different percentage of sand content at constant level of silica fume in terms of chloride ion permeability up to one year. The tests were carried out to evaluate the effect of sand replacement ratios and silica fume content in lightweight concrete on chloride ion penetration for different.
Experimental Work
The long term behavior of lightweight aggregate concrete, made with local lightweight aggregate, up to 360 days was studied in terms of chloride ion penetration. The main variables taken into consideration in this work were the fine aggregate content (0, 25, 50, 75%), and silica fume as an addition of 10% by weight of cement. The experimental program is shown in Table 1 .
Materials Properties
Ordinary portland cement (Type I) with 3.16 g/cm 3 density is used, the level of cement content was kept constant at 400 kg/m 3 in this work. Silica fume with 2.20 g/cm 3 density, 25.5 m 2 /g specific surface area, and 97.5% SiO 2 content is used at 10% by weight of cement as an addition to cement. The water to cement ratio (W/C) was 0.40 excluded the water absorbed by aggregate. Fine aggregate was natural sand with 2.62 specific gravity and 2.87 fineness modulus. The fine aggregate passed the ASTM requirements (C-33).
Pozzolanic natural lightweight aggregate (scoria) occurring in the Western Province of Saudi Arabia is volcanic in origin and is geologically categorized as pozzolanic scoria and tuff. This type of lightweight aggregate is available in different sizes, it was used as coarse aggregate, with different size of 5-20 mm. LWA has also been tested extensively at the quality control laboratories of Saudi Arabian Standards Organization (SASO). The results show that values for coarse and combined aggregate fall within the limit specified by ASTM C-332. Tests conducted by SASO on light weight concrete panels made from LWA yielded a thermal conductivity value of 0.140 W/m-k (less than 0.43 as required by ASTM C-332). The physical properties of LWA used in this research are given in Table 2 . • Mix A without silica fume.
• Mix B with an addition of 10% silica fume by weight of cement. 
Test Samples and Test Method
Hence, mix proportioning of lightweight concrete is generally accomplished by empirical method. Table 3 presents the mix proportions of all mixes used in this investigation. The chloride ion permeability test was performed following the ASTM C-1202. The test method consisted of monitoring the amount of electrical current passed through 51-mm thick slices of 102-mm nominal diameter cores or cylinders during a 6-h period. All samples were cured in water for three days after demolding and tested at three different ages (28, 90, and 360). A potential difference of 60 V dc was maintained across the ends of the specimen, one of which was immersed in a sodium chloride solution, the other in a sodium hydroxide solution. The total charge passed, in Coulombs, has been found to be related to the resistance of the specimen to chloride ion penetration [AASHTO, T 259-8]. Figure 1 shows schematic of rapid chloride permeability test apparatus. The test results are then evaluated using the qualitative classification of Table 4 [AASHTO, T 259-8]. 1,000-2,000 Low Low water-cement ratio « 0.4), conventional PCC.
100-1,000
Very low Latex-modified concrete, internally sealed concrete.
< 100 Negligible Polymer impregnated concrete, polymer concrete.
Results and Discussion
The experimental results were analyzed in three sections. These sections explain the effect of sand replacement, silica fume addition and ages on the chloride ion permeability of structural lightweight concrete. The compressive strength was measured and found to be 25-30 MPa at age of 28 days. All tests results were reported in Table 5 and plotted in Fig. 2-4 .
Effect of Sand Replacement
Generally, it was observed that increasing the normal weight fine aggregate (sand) content, the chloride ion permeability decreased for all types of mixes. Much more effects on chloride ion permeability were recorded by the addition of 10% of silica fume to the light weight concrete mixes. The effect of sand replacement on the chloride ion permeability was illustrated in Fig. 2 for ages of 28, 90, and 360 days. From this figure it is clear that by increasing sand content up to 75%, the chloride ion permeability decreases for all mixes and consequently improves the quality of concrete. The percent age of reduction in chloride ion permeability optimized at 75% sand replacement, For example the chloride ion permeability reduced form 7000 Coulombs to 2000 Coulombs by increasing the NW sand replacement from 25% to 75%. At later ages similar rates of reduction in the values of chloride ion permeability were observed at 90 and 360 days. The superior performance of LWC can be attributed to the physical and chemical interaction between cement paste and aggregate. The porous texture of LWA particles enables the cement gel to grow into the aggregate surface, also enhancing the physical bond. The physical process identified was densification of the interfacial transition zone due to absorption of the aggregate.
Effect of Silica Fumes Addition
The effect of silica fume addition for different percents of sand replacement is presented also in Fig. 2 for ages of 28, 90, and 360 days. It was clear that the existence of silica fume enhanced the impermeability of concrete to the chloride ion. This attributed to the physical and chemical effects of silica fume particles, which penetrate into the open pores of the aggregate deeper than that of cement particles due to its lower viscosity and the smaller particles sizes. For lightweight aggregate of shallow outer shells, the effect may be more. Consequently decrease chloride ion permeability due to the addition of silica fume which enhancing the microstructure surface layer of aggregate. Figure 3 shows the effect of age on the performance of lightweight concrete in terms of chloride ion permeability for different sand replacement up to 360 days. It was found that the percent age of sand replacement controlled the percent age of decreasing in chloride ion permeability at different ages. Generally, the chloride ion permeability decreases as the age increases up to 360 days for all types of mixes with and without silica fame due to its chemical effects. It can be concluded that at 360 days, all types of concretes showed slightly lower chloride diffusivity than that measured at 28 days.
Effect of Age
Leveling the results for all mixes and comparing them with the AASHTO classification is presented in Fig. 4 . It was observed that the effect of age on the chloride ion permeability can be negligible for LWC. The existence of silica fume can change the level of chloride ion permeability from high to moderate level taken into consideration the effect of sand replacement.
In LWC, internal humidity is maintained at a higher level for longer period of time, resulting in a more fully hydrated cement paste. Insight of the above, it was found that the long-term strength development and durability of LWC will be equal to, if not superior to, NWC. Finally, the experimental results up to one year indicate the benefits incorporating silica fume in the lightweight concrete, with permeability being reduced significantly. The improvement attributed to the presence of the lightweight aggregate appeared to increase with maturity of the concrete. After one year continuous hydration, the reduction of chloride diffusion was clear to be as much as 20%.
Conclusions
The analysis of the test results leads to the following conclusions:
1) The chloride permeability of LWC decreased with increasing sand replacement.
2) The LWC with 10% silica fume showed lower chloride diffusivities than with out silica at all levels of sand replacement.
3) At later ages (360 days), all types of concretes showed slightly lower chloride diffusivity than the equivalent measured at early ages (28 days). 5) The enhancement of structural lightweight concrete permeability will improve its quality and durability, thereby exhibiting much lower corrosion rate compared to normal weight concrete.
